We report here that anticancer drugs such as doxorubicin lead to induction of the CD95 (APO-1/Fas) system of apoptosis and the cellular stress pathway which includes JNK/SAPKs. Ceramide, which accumulates in response to different types of cellular stress such as chemo-and radiotherapy, strongly induced expression of CD95-L, cleavage of caspases and apoptosis. Antisense CD95-L as well as dominantnegative FADD inhibited ceramide-and cellular stress-induced apoptosis. Fibroblasts from type A Niemann-Pick patients (NPA), genetically deficient in ceramide synthesis, failed to up-regulate CD95-L expression and to undergo apoptosis after γ-irradiation or doxorubicin treatment. In contrast, JNK/SAPK activity was still inducible by doxorubicin in the NPA cells, suggesting that activation of JNK/SAPKs alone is not sufficient for induction of the CD95 system and apoptosis. CD95-L expression and apoptosis in NPA fibroblasts were restorable by exogenously added ceramide. In addition, NPA fibroblasts undergo apoptosis after triggering of CD95 with an agonistic antibody. These data demonstrate that ceramide links cellular stress responses induced by γ-irradiation or anticancer drugs to the CD95 pathway of apoptosis.
Introduction
Programmed cell death (apoptosis) is a genetically defined pathway of cellular suicide required for embryonal development, growth and differentiation of multicellular organisms. In addition, it serves as one of the pleiotropic mechanisms of cell killing by cytokines and cytotoxic T cells (Laster et al., 1988; Oberhammer et al., 1992; Dhein et al., 1995; Nagata and Golstein, 1995) and appears to be the basic mechanism underlying the anti-oncogenic effect of most chemotherapeutic drugs and X-ray treatment (Haimovitz-Friedman et al., 1994; Bose et al., 1995; Ling et al., 1995; Friesen et al., 1996; Verheij et al., 1996) . Recent investigations provided evidence that ionizing radiation and anticancer drugs induce sphingomyelin signal transduction to mediate apoptosis (Haimovitz-6200 © Oxford University Press Friedman et al., 1994; Jayadev et al., 1994; Wiegmann et al., 1994; Bose et al., 1995; Jaffrezou et al., 1996) . The sphingomyelin pathway is a ubiquitous signaling system that links specific cell surface receptors and environmental 'stresses' to cellular responses (Kolesnick and Golde, 1994; Hannun, 1996) . This pathway is initiated by hydrolysis of sphingomyelin, which is a main lipid in the plasma membranes of mammalian cells. Sphingomyelin hydrolysis occurs within seconds to minutes after stimulation via the action of sphingomyelin-specific forms of phospholipase C, termed sphingomyelinases, to generate ceramide. Signaling can be initiated by an acid or a neutral form of sphingomyelinase, distinguishable by their pH optima (for review, see Kolesnick and Fuks, 1995; Testi, 1996) . Ceramide then serves as a second messenger, leading to induction of the stress-activated protein kinases (JNK/SAPKs) (Verheij et al., 1996) . Details of the signal pathway downstream of JNK/SAPKs leading to apoptosis are not well understood. However, there is evidence that one of the known substrates of JNK/SAPKs, the transcription factor c-Jun (Hibi et al., 1993) , is involved in apoptosis (Estus et al., 1994; Hallahan et al., 1995; Pandey and Wang, 1995; Verheij et al., 1996; BossyWetzel et al., 1997) .
Recently, we demonstrated the involvement of the CD95 (APO-1/Fas) system in γ-irradiation-and drug-induced apoptosis of cancer cells (Friesen et al., 1996; I.Herr et al., submitted) . The CD95 receptor-ligand system is a key regulator of apoptosis (Trauth et al., 1989; Itoh et al., 1991; Debatin et al., 1993; Suda et al., 1993; Krammer et al., 1994) . CD95 is constitutively expressed on the surface of many cells including activated T and B lymphocytes, colon epithelial cells, liver cells (Krammer, 1996) and several other tissues and tumors (Leithäuser et al., 1993) . The main function of CD95 appears to be the induction of apoptosis in sensitive cells triggered by the CD95 ligand (CD95-L) or by agonistic antibodies. CD95-L is a type II transmembrane molecule which is also found in a soluble form released from the cell membrane through proteolytic cleavage by metalloproteinases (Kayagaki et al., 1995) . Recently, critical elements of the CD95 pathway that link receptor-ligand interaction and downstream activation of caspases have been identified. After receptor multimerization, the death-inducing signaling complex (DISC) is formatted which contains the molecules FADD and FLICE. The chimeric protein FLICE contains an adaptor domain able to bind to FADD as well as a proteolytic domain similar to caspases. Thus, this Janustype molecule links the death domain-associating proteins of the DISC to the proteolytic cascade that exerts the death signal (Muzio et al., 1996 ; for review, see Debatin et al., 1997) . γ-Irradiation or treatment of tumor cells with anticancer drugs leads to enhanced CD95-L expression which initiates receptor-ligand interaction and activation of caspases such as CPP32 (Friesen et al., 1996; I.Herr et al., submitted) . One known substrate of CPP32 is PARP [poly(ADP-ribose) polymerase], which is also cleaved during drug-induced apoptosis (Kaufmann et al., 1993; Nicholson et al., 1995; Tewari et al., 1995; I.Herr et al., submitted) .
In the present study, we provide different lines of evidence for a functional cross-talk between the sphingomyelin pathway and the CD95 system in anticancer drugand γ-irradiation-induced apoptosis. Ceramide, the second messenger of the sphingomyelin pathway, strongly induced CD95-L expression. Failure to initiate CD95 signaling, either by inhibition through CD95-L antisense or by dominant-negative FADD, or in cells genetically deficient in ceramide synthesis, such as in fibroblasts from type A Niemann-Pick (NPA) patients, leads to significant reduction of apoptosis induced by ceramide. Exogenously added ceramide restored apoptosis and induction of CD95-L expression in NPA fibroblasts. In addition, NPA fibroblasts were sensitive to CD95-induced apoptosis using an agonistic antibody, suggesting that the CD95 pathway itself is intact in these cells.
Results

Activation of JNK/SAPKs during doxorubicininduced apoptosis
Recently, we described that chemo-and radiotherapy induce expression of CD95-L which mediates apoptosis by binding to its receptor and activation of the CD95 pathway including cleavage of caspases (Friesen et al., 1996; I.Herr et al., submitted) . However, the mechanism by which CD95-L expression is enhanced in response to drugs and γ-irradiation is still unknown. A characteristic feature of γ-irradiation is the induction of the cellular stress response including activation of JNK/SAPKs. Enhanced JNK/SAPK activity may be required for initiation of stress-induced apoptosis (Chen et al., 1996; Verheij et al., 1996) , possibly through enhanced expression of c-Jun, a target of JNK/SAPKs (Hibi et al., 1993) which seems to be important for stress-induced apoptosis (Hallahan et al., 1995; Verheij et al., 1996) .
To examine whether JNK/SAPKs might also be activated by anticancer drugs, we treated leukemic T cells (CEM) with doxorubicin. The anthracycline doxorubicin acts on mammalian cells by multiple mechanisms involving cell membrane effects, intercalation into DNA, inhibition of topoisomerase II (Calabresi and Chabner, 1990) and generation of ceramide (Bose et al., 1995; Jaffrezou et al., 1996) . Activation of JNK/SAPKs was measured by immune complex kinase assay using bacterially expressed GST-c-Jun as substrate. JNK/SAPK activity appeared already 2 h after induction, with a maximum between 8 and 12 h. Similar data were obtained by treatment of primary human fibroblasts with doxorubicin (data not shown, see also Figure 5 ). Under these conditions, the kinetics of induction of JNK/SAPKs precede the expression of CD95-L protein (data not shown, see also Figures 4 and 6).
Activation of the CD95 system by ceramide γ-Irradiation and cytotoxic drugs like doxorubicin have been shown to activate the CD95 system of apoptosis (Friesen et al., 1996; I.Herr et al., submitted) . In addition, these inducers are described to enhance levels of ceramide and to activate JNK/SAPKs (Bose et al., 1995; Jaffrezou et al., 1996; Verheij et al., 1996) . Therefore, we asked whether generation of ceramide might critically influence CD95-mediated apoptosis. Treatment of leukemic T cells with C2-ceramide for 16 h strongly induced apoptosis at concentrations of 10-25 μM, as demonstrated by DNA fragmentation (Figure 2A ). Prior to apoptosis mediated by C2-ceramide, expression of CD95-L was strongly upregulated (Figure 2B and D; and data not shown). CD95-L protein expression started to increase between 3 and 4 h. The highest levels of CD95-L protein expression were reached at 6-12 h. Cleavage of CPP32 and PARP was visible 6 h after treatment with C2-ceramide ( Figure 2C ) and maximal at 12 h when~70% of the cells were already undergoing apoptosis (data not shown). Induction of increased CD95-L expression and apoptosis was specific for biologically active C2-ceramide since C2-dihydroceramide, which lacks the trans double bond at C4-C5 of the sphingoid base backbone, was ineffective. Furthermore, C2-ceramide led to a rapid and long-lasting induction of c-jun expression preceding the increase of CD95-L mRNA, as examined by RT-PCR ( Figure 2D ). These data are confirmed by treatment of primary human fibroblasts with ceramide (data not shown, see also Figure 5 ).
CD95 signaling is required for ceramide-induced apoptosis
To test the requirement for CD95 signaling in ceramideinduced apoptosis, we blocked CD95-L expression by an antisense approach and interrupted CD95 signaling by dominant-negative FADD. Leukemic T cells (CEM) were transiently transfected with empty expression vector, an antisense CD95-L construct or expression vectors encoding active or non-active dominant-negative FADD. The percentage of specific apoptosis induced by 10 μM C2-ceramide was determined by annexin staining and flow cytometry. Transfection with antisense CD95-L or expression of dominant-negative FADD strongly inhibited ceramide-, doxorubicin-and γ-irradiation-induced apoptosis ( Figure 3A and data not shown). Transfection efficiency was at least 70% as determined by transfection of a green fluorescent protein (GFP) construct under the same conditions, which was analyzed by fluorescence micro- Expression of CD95-L, c-jun and β-actin mRNAs was examined by RT-PCR using sequence-specific primers for these genes.
scopy and flow cytometry (data not shown). Downregulation of CD95-L expression was controlled by Western blot, which demonstrated that the antisense CD95-L construct, in contrast to the empty vector, or an unrelated antisense construct (TRAIL), nearly completely repressed basal and induced CD95-L protein ( Figure 3B ). Similar results were obtained in other leukemic T cell lines (Jurkat-16) and in the neuroblastoma cell line SHEP (data not shown).
Next we examined CD95-L expression in acid sphingomyelinase-deficient human fibroblasts derived from NPA patients and in fibroblasts derived from healthy individuals. NPA disease is caused by deficiency of the acid sphingomyelinase gene, as recently demonstrated by acid sphingomyelinase knock-out mice (Horinouchi et al., 1995; Otterbach and Stoffel, 1995) . Lymphoblasts from NPA patients fail to generate ceramide and to undergo apoptosis in response to ionizing radiation (Santana et al., 1996) . Consistent with these data, we found strongly reduced ceramide production and cell death in human fibroblasts from NPA patients after γ-irradiation or treatment with doxorubicin compared with normal fibroblasts ( Figure 4A and data not shown). In contrast to the control fibroblasts (COFI) which strongly up-regulate CD95-L expression after treatment with therapeutic doses of doxorubicin from 6 to 24 h ( Figure 4B and C), up-regulation of CD95-L protein in NPA fibroblasts was very weak (NPA 1) or totally absent (NPA 2). Correspondingly, doxorubicininduced death in NPA 1 cells was higher (13%) than cell death of NPA 2 fibroblasts with completely blocked CD95-L expression (3%). The failure to increase CD95-L mRNA expression in NPA cells versus COFI was confirmed by RT-PCR. While normal fibroblasts strongly upregulate CD95-L mRNA levels between 6 and 10 h after treatment with doxorubicin, CD95-L mRNA was undetectable in the NPA cells ( Figure 4C ). Similar results Fibroblasts from healthy individuals (COFI 1 and COFI 2) and from NPA patients (NPA 1 and NPA 2) were treated with doxorubicin (500 ng/ml), and 36 h later cell death was determined by Trypan blue exclusion and calculated as described in Figure 3A . The experiment presented has been repeated three times with an essentially identical outcome. (B) Western blot analysis of CD95-L expression using the same experimental procedure as described in (A), except that the fibroblasts were lysed at the indicated time points after treatment with doxorubicin. (C) CD95-L mRNA expression of fibroblasts from a healthy control or NPA patients before and after treatment with doxorubicin as described in (A) and (B) was examined by RT-PCR. The same amounts of reverse-transcribed RNA from COFI 1, NPA 1 and NPA 2 were amplified in 38 PCR cycles using specific primers for CD95-L. The β-actin gene was amplified in 25 PCR cycles and serves as control for equal conditions. The 2% agarose gels containing ethidium bromide were visualized by UV transillumination and photographed using identical exposure times.
were obtained after γ-irradiation of control and mutant fibroblasts (data not shown). Although death and CD95-L expression are repressed in NPA fibroblasts, strongly induced activation of JNK/SAPKs and c-jun after treatment of control and mutant cells with doxorubicin was found ( Figure 5 and data not shown).
To ensure that failure to up-regulate CD95-L expression and to undergo apoptosis in response to cellular stresses are due to a defect in ceramide generation, we bypassed this element of the signal transduction cascade by adding C2-ceramide exogenously to COFI and NPA fibroblasts. Using concentrations from 25 to 50 μM, C2-ceramide was found to induce apoptosis efficiently in COFI and fibroblasts from NPA patients ( Figure 6A and B) . NPA fibroblasts were even slightly more sensitive at lower concentrations of ceramide treatment compared with COFI. Correspondingly, ceramide treatment led to an even stronger up-regulation of CD95-L mRNA in the mutant cells than in the control fibroblasts. Treatment with biologically inactive C2-dihydroceramide had no effect on apoptosis and CD95-L expression ( Figure 6C ). Finally, COFI and fibroblasts from NPA patients displayed similar apoptosis sensitivity after direct triggering of the CD95 receptor with an agonistic antibody. Similar percentages 2) and NPA fibroblasts (NPA 1 and NPA 2) were treated with 500 ng/ml doxorubicin and lysed on ice during a time period of 2-8 h as indicated. Untreated cells (CO) were used as negative control, and cells treated with the alkylating agent methyl methanesulfonate (M; 1 mM, 3 h) served as positive control for induction (Wilhelm et al., 1997) . The nuclei-free supernatant was normalized for protein content and immunoprecipitated with anti-JNK/ SAPK antibody-conjugated Sepharose beads. GST-c-Jun 1-166 fusion protein was added to SAPK-bound beads in kinase buffer and incubated in the presence of [γ-32 P]ATP. The phosphorylated fusion protein was resolved by 10% SDS-PAGE and visualized by autoradiograpy.
of cell death were observed 24 h after stimulation of COFI and fibroblasts from NPA patients (Figure 7) . Taken together, these data demonstrate that ceramide links the stress-induced sphingomyelin to the CD95 pathway of apoptosis. 2 ) and NPA (NPA 1 and 2) fibroblasts were treated with either 25 (gray bars) or 50 μM (black bars) C2-ceramide. Corresponding concentrations of C2-dihydroceramide were used in the controls. After 16 h, the percentage of specific death was determined by Trypan blue exclusion and calculated as described in Figure 3A . The experiment presented has been repeated three times with an essentially identical outcome. (B) DNA fragmentation 16 h after treatment of serum-starved NPA 2 cells with the indicated concentrations of C2-ceramide or with 25 μM C2-dihydroceramide in the control (CO). 'M' represents a 100 bp DNA marker. (C) CD95-L mRNA expression was examined by RT-PCR in control (COFI 2) and mutant fibroblasts (NPA 2) before and after treatment of the cells with 25 μM C2-dihydroceramide (DH-ceramide) or C2-ceramide for the indicated time points. Amplification of the β-actin gene serves as control for equal conditions. The 2% agarose gels containing ethidium bromide were visualized by UV transillumination and photographed using identical exposure times.
Discussion
The present studies establish a cross-talk between the cellular stress pathway initiated by the generation of ceramide and the CD95 pathway of apoptosis. Previously, ionizing radiation and some anticancer drugs have been shown to induce rapid generation of ceramide, followed by apoptosis (Haimovitz-Friedman et al., 1994; Jayadev et al., 1994; Wiegmann et al., 1994; Bose et al., 1995; Jaffrezou et al., 1996) . Elevation of ceramide by addition of exogenous ceramide analogs was sufficient for induction of apoptosis (Haimovitz-Friedman et al., 1994; Jayadev et al., 1994; Bose et al., 1995; Jaffrezou et al., 1996) . Recently, we determined that intact CD95 signaling was required for chemo-and radiotherapy-induced apoptosis (Friesen et al., 1996; I.Herr et al., submitted) .
We provide strong experimental evidence for a hierarchical organization of the sphingomyelin and the CD95 pathway in our system, as schematically summarized in Fig. 7 . Triggering of CD95 with an agonistic antibody induces apoptosis in NPA and COFI cells. Control (COFI 1 and 2) and NPA (NPA 1 and 2) fibroblasts were treated with 10 μg of anti-APO in the presence of 5 ng/mol protein A and 500 ng/ml cycloheximide. After 24 h, the percentage of specific death was determined by Trypan blue exclusion and calculated as described in Figure 3A . Cycloheximide or protein A alone had no influence on cell death at the concentrations used and during the examined time span. The experiment presented has been repeated three times with an essentially identical outcome. Figure 8. Generation of ceramide by the anticancer drug doxorubicin or in response to γ-irradiation is functionally located upstream of CD95-mediated apoptosis. Ceramide rapidly and strongly induces expression of CD95-L protein, which interacts with CD95 receptor to activate CD95 signaling reflected by cleavage of caspases. Fibroblasts from two NPA patients with a gene defect in acid sphingomyelinase (Horinouchi et al., 1995; Otterbach and Stoffel, 1995) do not up-regulate CD95-L expression and are resistant towards γ-irradiation-and doxorubicininduced apoptosis. In agreement with our findings, Santana et al. (1996) recently reported that lymphoblasts from NPA patients fail to respond to γ-irradiation with apoptosis due to the failure of ceramide generation. Correspondingly, stimulation of NPA fibroblasts with exogenous ceramide induces CD95-L expression and restores apoptosis sensitivity. Importantly, also direct triggering of CD95 with an agonistic antibody induces apoptosis in control and patient fibroblasts. We demonstrate that apoptosis mediated by doxorubicin, γ-irradiation (I. Herr et al., submitted) or ceramide is strongly repressed in cells in which CD95-L synthesis or CD95 signaling was inhibited by an antisense approach or by dominant-negative FADD. However, under these conditions, apoptosis by antisense CD95-L or by a dominant-negative FADD construct was not totally blocked, suggesting that other systems independent of CD95 are activated during stress-induced apoptosis. Recent data demonstrate activation of TRAIL and tumor necrosis factor-α (TNF-α) after treatment of diverse cell lines with anticancer drugs and γ-irradiation (I. Herr et al., submitted) . The TRAIL system seems to act by a receptor distinct from CD95 and TNF receptors and to use signals independently of elements within the CD95 and TNF pathway such as FADD Pitti et al., 1996) . Thus, in addition to CD95-L, ceramide may activate expression of several apoptosis-inducing ligands which together may act as amplifiers for cell death following γ-irradiation or treatment with anticancer drugs (I. Herr and K.-H.Debatin, in preparation) . These data are in line with recent results indicating that the loss of ceramide production confers resistance to γ-irradiation-induced apoptosis (Chmura et al., 1997) and that CPP32 activation is required for ceramide-induced apoptosis (Mizushima et al., 1996) . We observed that phorbol ester-dependent inhibition of upstream events such as sphingomyelin hydrolysis and ceramide generation (Haimovitz-Friedman et al., 1994 ) also blocked doxorubicin-induced CD95-L up-regulation, cleavage of CPP32 and cell death (I. Herr and K.-M.Debatin, unpublished data) . These results are in agreement with recent findings demonstrating that apoptosis in response to γ-irradiation or CD95 triggering is strongly diminished upon co-treatment with phorbol esters (Haimovitz-Friedman et al., 1994; Tepper et al., 1995; Del Carmen Ruiz-Ruiz et al., 1997) , suggesting that PKC plays a negative role in CD95 signaling.
We found that the anticancer drug doxorubicin activates JNK/SAPKs, similarly to increased JNK/SAPK activity in response to γ-irradiation, ceramide or other forms of cellular stress (Chen et al., 1996; Verheij et al., 1996; Ichijo et al., 1997) . There is suggestive evidence that JNK/SAPK activation is associated with CD95-mediated apoptosis (Cahill et al., 1996; Wilson et al., 1996) , and counteracting activation of JNK/SAPKs by sphingosine-1-phosphate inhibits CD95-induced cell death (Cuvillier et al., 1996) . Paradoxically, JNK/SAPK activation in response to various stimuli was also demonstrated to be dispensable for apoptosis or even to prevent this process (Liu et al., 1996; Nishina et al., 1997) . These apparently opposing effects of JNK/SAPK activation on induction of apoptosis pathways are also reflected by the function of known JNK/SAPK substrates, such as the transcription factors ternary complex factor (TCF)/Elk-1 and c-Jun.
Activation of TCF/Elk-1 by JNK/SAPKs mediates transcriptional activation of the c-fos gene in response to cellular stress, such as UV irradiation (Cavigelli et al., 1995) . However, c-fos-deficient cells, compared with their wild-type counterparts, exhibit UV hypersensitivity, due to enhanced apoptosis (Schreiber et al., 1995) . c-Jun, the most extensively studied substrate of JNK/SAPKs, seems to be required for both the apoptotic program and survival. In c-jun-deficient fibroblasts, the efficiency of cell death induced by DNA-damaging agents is strongly reduced (A.Kolbus, M.Schreiber, E.F.Wagner and P.Angel, unpublished). Transfection of a dominant-negative c-Jun mutant (TAM-67) was found to inhibit stress-and ceramideinduced apoptosis (Verheij et al., 1996) , whereas c-Jun seems to be required both for neuronal death and for neuronal survival and regeneration (Estus et al., 1994; Ham et al., 1995; Herdegen et al., 1997) . Thus, it is tempting to speculate that specific, c-Jun-containing AP-1 dimers might influence the CD95 system. For example, transcriptional activation of the CD95 and CD95-L genes, or the genes encoding metalloproteinases, which cleave the CD95-L protein from the cell surface (Kayagaki et al., 1995) , may be regulated directly or indirectly by c-Jun. On the other hand, activation of JNK/SAPKs and c-jun was unimpaired in NPA fibroblasts after stimulation with doxorubicin, suggesting that activation of the JNK/SAPK pathway may be required but is not sufficient for induction of apoptosis. Thus, additional mechanisms are necessary for induction of CD95 signaling during cellular stressinduced apoptosis. Activation of JNK/SAPKs in NPA fibroblasts also demonstrates that enhanced JNK/SAPK acitivity is a specific response rather than only a secondary effect of the apoptotic program. Efficient activation of JNK/SAPKs and c-jun expression in NPA fibroblasts may be explained by the existence of different and independent signal transduction pathways activating JNK/SAPKs, and some of them may be independent of ceramide production (Karin, 1995; Whitmarsh and Davis, 1996; Fanger et al., 1997) . Regardless of the exact role of JNK/SAPK activation in the CD95-dependent apoptotic program, enhanced expression of CD95-L, followed by binding of the ligand to its specific receptor, is required for cellular stressinduced apoptosis, as evidenced from the anti-apoptotic effect of (FabЈ)2 anti-CD95 fragments (Friesen et al., 1996; I.Herr et al., submitted) . Furthermore, cells from lpr mice deficient in surface CD95 showed much lower levels of apoptosis than control cells after γ-irradiation or heat shock (Reap et al., 1997) . Finally, interrupting CD95 signaling by dominant-negative FADD or preventing cleavage of caspases with zVAD blocked cell death induced by exogenously added ceramide, doxorubicin treatment or γ-irradiation (Mizushima et al., 1996; I.Herr et al., submitted) . Therefore, these data suggest that activation of CD95 signaling during stress-induced apoptosis acts downstream of the sphingomyelin pathway.
However, increased CD95-L expression in cells does not always lead to activation of the CD95 pathway. Thus, CD95-L is induced in resting T cells, e.g. by T cell receptor triggering or phorbol 12-myristate 13-acetate (PMA) stimulation, without induction of apoptosis (Klas et al., 1993; Herr et al., 1996) , suggesting that the specific combination of pathways dictates the fate of the cell after a particular signal.
Taken together, our data demonstrate that molecules previously considered to become activated independently in response to cellular stresses culminate in activation of the CD95 pathway of apoptosis. The link between ceramide, stress pathways and the CD95 system provides a variety of molecular targets for therapeutic intervention and modulation of the sensitivity of tumor cells for induction of apoptosis.
Materials and methods
Cell culture
The human acute T-cell leukemia cell lines CEM and Jurkat-16 (J16) were grown in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS; Conco, Wiesbaden, Germany), 100 U/ml penicillin, 100 mg/ml streptomycin, 25 mM HEPES and 2 mM L-glutamine (all from Gibco/Life Technologies, Paisley, UK). The primary fibroblasts COFI 1, 2 and NPA 1, 2 were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented as described for RPMI-1640 medium.
Measurement of apoptosis
Early apoptotic changes were identified by staining with fluorescein isothiocyanate (FITC)-conjugated annexin V (Bender Med Systems, Vienna, Austria) which binds to exposed phosphatidylserine on the surface of apoptotic cells (Koopman et al., 1994) . Cells were incubated in 200 μl of annexin buffer containing sterofundin solution (Braun, Melsungen, Germany) supplemented with 2% HEPES, pH 7.3 and 4 μl of annexin V-FITC (Bender Med Systems, Vienna, Austria) for 30 min at 4°C in the dark. Cells were analyzed by flow cytometry (FACScan, Becton Dickinson, Heidelberg, Germany) using the cell quest software.
Alternatively, cell death was determined by Trypan blue exclusion or apoptosis was detected by assessment of DNA fragmentation.
Agarose gel electrophoresis for DNA fragmentation
For analysis of DNA fragmentation, 1ϫ10 7 cells were resuspended in 1.5 ml of lysis buffer containing 10 mM Tris-HCl, pH 7.5, 400 mM NaCl, 2 mM EDTA, pH 8.2, 0.7% SDS and 2 mg/ml proteinase K (Boehringer, Mannheim, Germany) and incubated at 37°C overnight. Protein was precipitated by addition of 0.5 ml of 5 M NaCl at room temperature for 1 h. Precipitated protein was pelleted by centrifugation at 3300 g for 30 min. DNA in the supernatant was precipitated with 2.5 volumes of 100% ethanol and washed in 70% ethanol after centrifugation for 30 min at 3300 g. The DNA pellet was dissolved in 100 μl of TE buffer containing 0.5 mg/ml RNase (Boehringer, Mannheim, Germany). After determination of the DNA content, 10 μg of DNA per lane were separated on 1.7% agarose gels containing ethidium bromide at 30 V for 6 h. The DNA fragmentation pattern was detected by UV transillumination.
Stimulation of cells
C2-ceramide (N-acetyl sphingosine) and C2-dihydroceramide (N-acetyl dihydrosphingosine) were obtained from Biomol, Hamburg, Germany. Stock solutions were prepared for C2-ceramide in dimethylsulfoxide (DMSO) and for C2-dihydroceramide in 100% ethanol. Stock solutions could be stored at -80°C for at least 4 weaks. Prior to treatment with ceramide, the cells were starved by culture for 12-16 h in medium containing 1% FCS. Cycloheximide (Sigma, Deisenhofen, Germany) stocks were dissolved in DMSO and aliquots were stored at -20°C. Doxorubicin (Sigma, Deisenhofen, Germany) was dissolved in sterile water, supplemented with 100% ethanol to a 90% ethanol stock solution which was stored in aliquots at -80°C. Anti-APO antibody was prepared as previously described (Dhein et al., 1995) . Protein A was obtained from Sigma, Deisenhofen, Germany. Stock solutions were dissolved in phosphate-buffered saline (PBS). Cells were γ-irradiated in their flasks using a cesium radiator. Final concentrations of the vehicles in medium were 0.1%, which had no influence on apoptosis or expression of the examined genes.
Transfections
Cells in medium were pelleted, resuspended at 1ϫ10 8 cells/200 μl of PBS and transfected with 50 μg of expression plasmid by electroporation (925 μF, 200 V). After transfection, cells were resuspended in 10 ml of medium containing 10% FCS and seeded in a 6-well plate at 1ϫ10 7 cells/well. Six hours later, medium was exchanged against fresh medium (in the case of ceramide stimulation the medium contained 1% FCS) and, after an additional 12 h, cells were stimulated.
Determination of caspase activity
Cleavage of CPP32 and PARP was detected by Western blotting. The cells (1ϫ10 8 ) were washed in PBS, pelleted and lysed in one packed cell volume of a buffer containing 600 mM KCl, 20 mM HEPES-KOH, pH 7.9, 0.2 mM EDTA and 1 mM dithiothreitol (DTT) for 1 h on ice. After centrifugation for 30 min, the amount of proteins in the supernatant was determined as described by Bradford (1976) , using the dye reagent purchased from Bio-Rad (München, Germany) and bovine serum albumin standards. Then 100 μg of lysate in Laemmli buffer were separated per lane on 12% SDS-PAGE under reducing conditions and transferred onto ECL membranes (Amersham, Braunschweig, Germany). Proteins were stained with specific antisera against CPP32 (Transduction Laboratories, Lexington, KY) or PARP (Enzyme Systems Products, Dublin, USA). Bound antibodies were detected with anti-mouse or anti-rabbit-horseradish peroxidase conjugate (Santa Cruz, CA). An enhanced chemiluminescence system (Amersham, Braunschweig, Germany) was used for detection.
Western blotting for CD95-L
A total of 5ϫ10 6 cells were washed in PBS and lysed for 5 min on ice in 10 packed cell volumes of 30 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.5% Na deoxycholate, 1 mM DTT, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 μg/ml pepstatin, 2 μg/ml aprotinin, 2 μg/ml leupeptin. After centrifugation, 40 μg of protein/lane were separated on 12% SDS-PAGE and detected by Western blot as described for detection of ICE protease activity. Anti-CD95-L monoclonal antibody was obtained from Transduction Laboratories (Lexington, KY).
RT-PCR
RNA was harvested and RT-PCR was performed as described in Herr et al. (1996) . Thirty eight cycles of amplification were used for CD95-L or c-jun and 25 cycles for β-actin. Primers used for amplification of CD95-L are described in Herr et al. (1996) , whereas primers for amplification of the β-actin gene were obtained from Stratagene, Heidelberg, Germany. For amplification of base ϩ1 (codon start) to base 254 of the c-jun cDNA, the following primer set was created: Jun 1, 5Ј-AGAGTTGCACTGAGTGTGGCTG-3Ј; Jun 2, 5Ј-TGTCAACAGCGC-CTGGGCAGCA-3Ј. Twenty μl of the PCR were separated by electrophoresis on 2% agarose gels and visualized by ethidium bromide staining.
JNK/SAPK assay
A total of 1ϫ10 7 cells were washed in ice-cold PBS and lysed in 400 μl of lysis buffer (20 mM Tris pH 7.5, 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 25 mM β-glycerophosphate, 2 mM Na pyrophosphate, 1 mM Na 3 VO 4 , 1 mM PMSF, 10 μg/ml pepstatin, 10 μg/ml aprotinin, 10 μg/ml leupeptin) at 0°C. Lysates were cleared by centrifugation for 20 min at 2°C and 13 000 r.p.m., and nuclei-free supernatant was normalized for protein content. Then 1.5 μl of polyclonal antibodies raised against JNK1 (C-17, Santa Cruz) and JNK2 (FL, Santa Cruz) were added to the supernatant, together with 50 μl of a 50% suspension of protein A-Sepharose beads. After 2 h incubation at 4°C, the beads were washed twice with lysis buffer and once with kinase buffer. The immune complex kinase assays were performed in 25 μl of kinase buffer consisting of 25 mM HEPES, pH 7.4, 25 mM MgCl 2 , 25 mM β-glycerophosphate, 0.1 mM Na 3 VO 4 and 5 μCi of [γ-32 P]ATP containing 2 μg of GST-Jun 1/166 (described in van Dam et al., 1995) . After 20 min at 30°C, the reaction was terminated by addition of Laemmli buffer and the products were resolved by 12% SDS-PAGE and visualized by autoradiography.
cDNA constructs A 360 bp cDNA sequence encoding the 5Ј end of human CD95-L was isolated by RT-PCR from CEM-derived mRNA and cloned in the antisense direction in front of the cytomegalovirus (CMV) promoter into the eukaryotic expression vector pcDNA3 (Invitrogen, NV Leek, The Netherlands). The GFP expression construct was obtained from Clontech (Heidelberg, Germany). FADD dominant-negative expression vectors are described in Chinnaiyan et al. (1995 Chinnaiyan et al. ( , 1996 .
